Children form a strong attachment to their caregiver-even when that caretaker is abusive. Paradoxically, despite the trauma experienced within this relationship, the child develops a preference for trauma-linked cues-a phenomenon known as trauma bonding. Although infant trauma compromises neurobehavioral development, the mechanisms underlying the interaction between infant trauma bonding (i.e., learned preference for trauma cues) and the long-term effects of trauma (i.e., depressive-like behavior, amygdala dysfunction) are unknown. We modeled infant trauma bonding by using odor-shock conditioning in rat pups, which engages the attachment system and produces a life-long preference for the odor that was paired with shock. In adulthood, this trauma-linked odor rescues depressive-like behavior and amygdala dysfunction, reduces corticosterone (CORT) levels, and exerts repair-related changes at the molecular level. Amygdala microarray after rescue implicates serotonin (5-HT) and glucocorticoids (GCs), and a causal role was verified through microinfusions. Blocking amygdala 5-HT eliminates the rescue effect; increasing amygdala 5-HT and blocking systemic CORT mimics it. Our findings suggest that infant trauma cues share properties with antidepressants and safety signals and provide insight into mechanisms by which infant trauma memories remain powerful throughout life.
arly-life trauma is associated with compromised neurobehavioral development and vulnerability to later-life psychiatric disorders like depression (1) (2) (3) (4) (5) . Long-lasting effects of infant trauma relevant to depression include disruptions in social behavior, alterations in the serotonin (5-HT) system, and amygdala dysfunction (2, (5) (6) (7) (8) , which have been replicated by animal models (9) (10) (11) (12) (13) (14) (15) . Paradoxically, trauma-linked cues-even those associated with abusive attachment-can elicit strong attraction and feelings of comfort in humans (16, 17) . Furthermore, a lifelong attraction to trauma-linked cues has also been demonstrated in rodent models of infant trauma, which suggests that sensory cues learned during infancy alter adult behaviors and amygdala activity (12, 18, 19) .
To explore the enduring effects of infant trauma and the mechanisms underlying their modulation by infant trauma-linked cues, we used an odor-learning paradigm during the sensitive period for attachment learning in rat pups, postnatal (PN) days 8-12, which is characterized by rapid and robust odor-preference learning that extends to aversive stimuli (14, (20) (21) (22) . Specifically, we used infant olfactory classical conditioning in which a novel peppermint odor is paired with a mild shock (0.5 mA, 1s) to produce a preferred odor that functions behaviorally as a maternal odor and results in neural activation comparable with that induced by natural maternal odor (20, (23) (24) (25) . During the sensitive period, low endogenous levels of corticosterone (CORT) and attenuated shock-induced CORT release prevent the infant amygdala from exhibiting the learning-induced plasticity required for avoidance learning (14, 26) . Thus, sensitive period odor-shock conditioning does not elevate CORT levels (27, 28) . However, this paradigm produces later-life depressive-like behavior that is causally linked to amygdala dysfunction (12) (13) (14) 19) . Although shock is painful to pups (12, 24) , unpaired presentations of odor and shock do not result in learning or the adult depressive-like phenotype (12, 29) , indicating that these effects are specific to infant paired odor shock.
Importantly, the infant-trauma odor alters neurobehavioral function throughout the life span and can rescue adult depressive-like behavior and modify amygdala activity (12, 18, 19) . Intriguingly, these effects converge with the safety-signal literature. A safety signal is a learned sensory cue that can reduce stress and attenuate amygdala-dependent fear learning by being negatively correlated to an aversive event (30, 31) or positively correlated with an attachment formed in infancy or adulthood (32, 33) . Indeed, safety signals attenuate fear learning and expression in humans, nonhuman primates, and rodents (18, 31, 34, 35) and reduce depressive-like behaviors in rodents (12, 19, 36) .
Significance
Infant trauma induces preference learning about trauma-linked cues but negatively programs neurobehavioral development. Despite clinical evidence that trauma-linked cues remain powerful throughout life, the mechanisms underlying the interaction between infant trauma cues and the long-term effects of trauma are unknown. Using a rodent model of trauma bonding, which produces a life-long preferred odor and enduring effects that parallel the sequelae of child abuse, we show that the infant trauma odor rescues adult depressive-like behavior and amygdala dysfunction. Assessment of neural mechanism implicates amygdala serotonin (5-HT) and glucocorticoids (GCs). Our findings suggest that trauma-linked cues have an unexpected positive value in adulthood (i.e., antidepressant properties) and may provide insight as to why victims of childhood abuse are attracted to abuse-related cues.
The amygdala is a principal target of safety signals (35, 37) , which inhibit amygdala output to provide relief from fearful states (30, 34, 38) .
One neurotransmitter that connects infant trauma and safety signals is 5-HT. First, increasing 5-HT in depressed patients decreases depression symptoms and its neural correlates (4, 39, 40) . Second, 5-HT is implicated in initiating the developmental trajectory associated with later life depression vulnerability (41) (42) (43) . Early postnatal life constitutes a critical period during which alterations in 5-HT impact adult emotional behavior, suggesting that 5-HT plays a key role in the development of brain circuits that modulate adult emotionality (43) (44) (45) (46) (47) . Indeed, atypical infant increases in 5-HT induced by chronic fluoxetine (FLX) exposure, 5-HT transporter knockout, or disruptions in maternal care, result in long-term changes in 5-HT and contribute to later-life depression-like symptoms (11, (44) (45) (46) 48) . Third, learned safety signals exert protective effects on animal models of depression comparable with those obtained by adult antidepressant treatment (36) , suggesting that serotonergic mechanisms contribute to these repair effects. Collectively, these findings show that 5-HT is involved in the pathophysiology of depression, its treatment, and resolution (39) (40) (41) (42) (43) (44) . For these reasons, we provide a life span view of 5-HT's role in the initiation and rescue of depression.
In sum, we used odor-shock conditioning as a model of infant trauma because it is a well-validated procedure that produces both an infant odor with strong positive value and adult depressive-like behavior (12, 19) . The adult depressive-like phenotype was used as a behavioral assay with and without the infant trauma odor, to assess the safety-signal value of this odor. Our neural measurements focused on the amygdala because it is a critical brain area for both depression (13, 49, 50) and safety signals (31, 34, 35, 37 ) (see Fig. 1 for a schematic diagram of the experiments).
Results

Infant Trauma Induces Preference Learning of Trauma Cues and
Amygdala 5-HT Efflux. Infant trauma (i.e., paired odor shock) induced learning, as indicated by odor-induced behavioral activation of paired pups on the last day of conditioning (t = 25.23, P < 0.001) ( Fig. 2A) . These paired pups preferred the peppermint odor previously paired with shock as indicated by more odor choices in the Y-maze (t = 5.721, P < 0.001) (Fig. 2B) . Moreover, this odor acquired comparable qualities to natural maternal odor and supported nipple attachment (t = 11.77, P < 0.001) (Fig.  2C) . Previous work has shown that these effects are odor-specific and limited to paired odor-shock learning (12, 20, 23, 25) . Furthermore, a one-way ANOVA revealed that infant trauma (i.e., odor-shock) increased amygdala 5-HT efflux (F (5, 14) = 11.03, P < 0.001) at PN12, which was not observed in no-shock controls ( Fig. 2D ) and returned to control levels after conditioning.
Infant Increases in 5-HT Produce Later-Life Depressive-Like Behavior.
Due to the shock-induced amygdala 5-HT increase, we assessed whether atypical infant increases in 5-HT contribute to later-life depressive-like behavior by giving pups daily injections of saline (SAL) or FLX (8 mg/kg, i.p/s.c.) over 10 days. Infant FLX administration produced later-life depressive-like behavior, as indicated by high levels of immobility in the forced swim test (FST) (t = 3.284, P < 0.01) (Fig. 2E )-a measure of behavioral despair in rodents used to screen for antidepressants (51, 52) . These findings replicate previous results of early-life FLX treatment (48, 53) and are comparable with those obtained after infant trauma, as modeled by paired odor-shock conditioning (Fig. 3C) (12) or rearing with an abusive mother (13, 19) . Although there was some variation within normal maternal behavior, the maternal behavior of dams with SAL/FLX-treated pups (i.e., half litter SAL; half litter FLX) did not differ from that of dams with undisturbed pups or dams with odor-shock pups (Fig. S1 ), suggesting that later-life depressive-like behavior resulting from infant FLX administration was not due to differences in mother-infant interactions.
Infant-Trauma Odor Rescues Adult Behavioral Deficits. Infant trauma impaired adult social interaction, as shown by less time in a chamber containing a younger, same-sex social stimulus animal. Presentation of the infant-trauma odor (i.e., odor previously paired with shock) during the test rescued this social behavior deficit and induced behavior similar to controls (Fig. 3A) . Two-way ANOVA revealed a significant interaction between infant condition and odor presence [F (1, 24) (Fig. 3B ), indicating that these effects were not due to differences in locomotion.
Infant trauma induced increased immobility duration in the adult FST relative to no-shock controls (Fig. 3C ). However, presentation of the infant-trauma odor during the FST rescued this index of depressive-like behavior. Two-way ANOVA revealed a significant interaction between infant condition and odor presence [F (1, 26) = 61.89, P < 0.001]. Significant main effects of infant condition [F (1, 26) = 58.02, P < 0.001] and odor presence [F (1, 26) = 75.43, P < 0.001] were also detected. Post hoc Fisher tests revealed that the infant-trauma group was significantly different from controls in the absence of the odor, but not when the odor was present. Notably, this rescue effect is specific to the odor previously paired with shock during infancy (i.e., peppermint) because novel odor (i.e., citral) presentation has no effect (12).
Infant-Trauma Odor Reduces CORT Levels During the FST. The FST is stressful, as indicated by animals exhibiting increased CORT levels (51, 54) . GCs released in response to the FST are necessary for the incorporation of a behavioral response to the FST and modulate immobility behavior (55, 56) . For these reasons, we assessed FST CORT levels both with and without the infant-trauma odor 30 min after the FST-when the peak FST-induced CORT response occurs (54) . Although all animals exhibited similar CORT responses to the FST, the infant-trauma odor reduced CORT levels in trauma animals only (Fig. 3D) . Two-way ANOVA revealed significant main effects of infant condition [F (1,33) = 1.43, P < 0.05] and odor presence [F (1,33) = 5.13, P < 0.05]. Post hoc Fisher tests indicated that Fig. 1 . Timeline/experimental design. Infant rats underwent paired odorshock conditioning from PN8-to -12. Amygdala 5-HT was assessed at PN12. We verified that odor-shock conditioning produces an odor that was preferred and comparable with the natural maternal odor by testing pups in the Y-maze and nipple attachment test during infancy. In adulthood, animals were given the social behavior test and the FST either in the absence or presence of the odor previously paired with shock (i.e., trauma cue). After the FST, trunk blood was collected or brains were removed, and the amygdala was dissected for microarray analysis. Additional animals were used to examine the effects of infant trauma odor exposure on amygdala electrophysiology. Finally, we assessed the role of 5-HT in mediating depressive-like behavior in the FST with and without odor by blocking amygdala 5-HT and increasing amygdala 5-HT and blocking CORT, respectively. the odor reduced CORT levels in paired animals, and this group was significantly different from all other groups.
Infant-Trauma Odor Alters Adult Amygdala Electrophysiology. Because the infant-trauma odor repaired behavior, we questioned whether it also modulated amygdala electrophysiological properties. Indeed, the odor normalized amygdala paired-pulse effects that were modified by infant trauma (Fig. 3F) . Repeated-measures two-way ANOVA showed a significant effect of infant condition [F (1,11) = 6.90, P < 0.05] and an interaction of infant condition × odor presence [F (1,11) = 9.15, P < 0.05]. Post hoc comparisons indicated that infant paired odor-shock animals show abnormal paired-pulse facilitation in adulthood that was abolished by the infant-trauma odor. In the presence of the odor, paired-pulse effects in odor-shock animals were comparable with controls (Fig. 3F) . In addition to modifying pairedpulse effects, infant trauma also suppressed olfactory bulb-evoked potential amplitude recorded in the basolateral amygdala nucleus (BLA). However, in contrast to paired-pulse effects, the odor was ineffective at restoring this evoked potential, which differed between infant conditions [F (1,11) = 9.15, P < 0.05] (Fig. 3E) . Post hoc comparisons showed that, in paired odor-shock animals, evoked potential amplitude was reduced compared with control no-shock animals. Similar analysis of responses in the olfactory cortex (Fig. S2A ) and the cortical nucleus of the amygdala (Fig. S2B) , which receives mainly olfactory inputs and relays them to other amygdalar nuclei, found no significant differences. These findings suggest that, whereas the transfer of olfactory information to other nuclei of the amygdala seems preserved, the processing within the BLA is altered.
Infant-Trauma Odor Changes Adult Amygdala Gene Expression. To examine molecular mechanisms contributing to the odor-mediated rescue effect, we used high-density oligonucleotide arrays to study gene expression changes in the amygdala, which mediates the effects of infant trauma (4, 7, 13) and is critically involved in the pathophysiology of depression (41, 49, 50) . The Gene Functional Classification clustering algorithm in DAVID (Materials and Methods and SI Materials and Methods) defined three categories for the depressive phenotype ( Fig. S3A) and two for the rescue phenotype (Fig. S3B) . The major pathways for both conditions that were differentially regulated were solute transporters for cations and ion channels: i.e., voltage-gated sodium and potassium channels. Genes in the rescue phenotype also included cation transport and voltage-gated potassium channels. The major difference between the two phenotypes is that the rescue group, but not the depressive group, included G protein-coupled receptors (GPCRs), including 5-HT2B and 5-HT5B and the orphan GPCR88 (see Tables S1 and S2 for probes, fold change, and pfp values).
The Ingenuity Pathways Analysis (IPA) results complement those of the DAVID analysis. The primary networks linked to altered gene expression in the depressive phenotype were broad signaling paths such as cAMP response element-binding protein (CREB) and kinase paths, and GPCR signaling, (Fig. 4A) . The latter included adenoreceptors, melanin, and the 5-HT1A receptor. Altered paths for the rescue phenotype included GC signaling, but also multiple paths representing cAMP and other GPCRs, and in particular 5-HT receptor coupling (genes associated with these paths are in Tables S3 and S4 ). The latter includes 5-HT2B and 5-HT5B receptors, as did the DAVID analysis, and the 5-HT1A receptor (Fig. 4B) . Odor. The amygdala is causally related to later-life depressive-like behavior resulting from infant trauma (13) . Like the infant-trauma odor, selective serotonin reuptake inhibitors (SSRIs) also normalize Fig. 2 . Infant trauma, as modeled by paired odor-shock conditioning, induces preference learning and increases amygdala 5-HT. (A) At PN12, paired odorshock animals exhibited increased odor-induced behavioral activation compared with no-shock controls (P < 0.001; n = 8 per group). Each data point represents the summation of behavior from two consecutive trials. (B) Paired odor-shock pups learned to prefer the peppermint odor paired with shock, as indicated by more conditioned odor choices in a Y-maze test (P < 0.001; n = 8 per group). (C) Paired odor-shock conditioning produced an odor that supports contact with the mother and guides nipple attachment (P < 0.001; n = 8 per group). (D) Paired odor-shock conditioning increased amygdala 5-HT efflux in PN12 pups compared with control (i.e., no shock) pups (P < 0.001). (E) Increase of 5-HT via systemic FLX administration during infancy produced later-life depressive-like behavior in the FST (n = 6-8 per group; P < 0.01). **P ≤ 0.01, ***P ≤ 0.001. Error bars represent SEM. Fig. 3 . Long-term effects of infant trauma are reversed by the infant-trauma odor (i.e., odor previously paired with shock). (A) Infant trauma reduced adult social behavior, as indexed by less time in a social chamber compared with control (i.e., no shock) animals, which was normalized by presenting the infanttrauma odor (n = 7 per group; P < 0.05). (B) No significant differences in the number of crosses between chambers were found during the social behavior test (n = 7; P = 0.1948). (C) Infant trauma increased adult immobility in the FST, which was reversed to control levels by the infant-trauma odor (n = 6-9 per group; P < 0.001). (D) Infant-trauma odor exposure reduced CORT levels in paired animals during the FST (n = 8-10, P < 0.05). (E) Adults that underwent infant paired odor-shock conditioning exhibit a lower amplitude response within the BLA after a single-pulse electrical stimulation of the olfactory bulb compared with control no-shock animals (n = 6-7 per group; P < 0.05) that is not reversed by the infant-trauma odor. (F) As adults, infant paired odor-shock animals show paired-pulse facilitation (>100%) in response to paired-pulse (30 ms interpulse interval) electrical stimulation of the olfactory bulb, which was restored to control levels by the infant-trauma odor (n = 6-7 per group; P < 0.05). *P ≤ 0.05, ***P ≤ 0.001. Error bars represent SEM.
depressive-like behavior in the FST (52) . For these reasons, we assessed the role of amygdala 5-HT in the adult FST odor rescue. Temporary suppression of amygdala 5-HT via intraamygdala methysergide (5-HT receptor antagonist) infusion prevented the odor-mediated adult FST rescue (Fig. 5A) . Two-way ANOVA revealed a significant interaction between drug and infant condition [F (1, 20) Rescue Effect. Since amygdala 5-HT was necessary for the behavioral repair elicited by the infant-trauma odor (Fig. 5A) , we questioned whether increasing adult amygdala 5-HT was sufficient to rescue depressive-like behavior after infant trauma. In the odor's absence, simply increasing amygdala 5-HT via intraamygdala 5-HT infusion was not sufficient to rescue FST immobility (Fig. 5B) . However, we mimicked the adult odor-mediated rescue effect by combining amygdala 5-HT infusion and CORT inhibition via metyrapone (50 mg/kg i.p.; Tocris). One-way ANOVA followed by post hoc tests revealed that these animals were different from paired odorshock animals receiving saline infusions, 5-HT infusions, or systemic metyrapone alone [F (3,21) = 11.22, P ≤ 0.001] ( Fig. 5B ; see Fig. S4 for cannula placements). Neither amygdala 5-HT nor CORT blockade alone produced rescue effects, suggesting that the mechanism underlying the antidepressant-like rescue effects of the trauma-linked odor involves a 5-HT/CORT interaction (Fig. 5C ).
Discussion
Infant trauma, as modeled by paired odor-shock conditioning, has adverse and enduring effects in adulthood, including socialbehavior disruptions, depressive-like behavior in the FST, and amygdala dysfunction (Fig. 3) . Overall, these data are consistent with clinical and basic research of the neurobiological sequelae after early life stress (1, 2, 5, 9, 10, 13, 57). Our results corroborate prior findings showing that the infant-trauma odor rescues later life behavioral indices of depressive-like behavior and amygdala dysfunction (Fig. 3) (12, 19) . Here, we expand on this knowledge and show that infant trauma produces an atypical infant amygdala 5-HT response (Fig. 2D ) associated with later-life depressive-like behavior ( Fig. 3 A and C) , providing insight into possible mechanisms by which early-life FLX treatment produces detrimental effects (46, 48, 53, 58) . These data demonstrate that 5-HT is developmentally sensitive to infant experiences and that alterations in 5-HT during critical periods in early life can be a predisposing factor for later-life affective dysfunction (41-43, 47, 57) . Our findings may also provide insights into the mechanisms underlying the link between childhood abuse and later life depression, which is of clinical relevance given that childhood maltreatment and adult stressful life events interact to produce increased risk for depression in humans, and this relationship is moderated by 5-HT (3, 4, 8, 40, 59, 60) .
Mechanisms Underlying Modulation of Adult Neurobehavioral Function
by Infant-Trauma Cues. Infant experiences result in long-term adaptations that program subsequent behavioral, endocrine, and neural function (3, 14, 57, 61) . In addition, infant odors have a powerful modulatory influence on adult behaviors (62, 63) . This phenomenon is not exclusive to odors associated with typical attachment experiences; it extends to trauma experienced within the context of attachment because the odor learned through our infant-trauma paradigm reduces adult fear learning, attenuates amygdala activity, rescues depressive-like behavior in the sucrose consumption test and FST, and decreases CORT (Fig. 3D) (12, 18, 19) . Tables S1 and S2 ). The oblong white shapes show canonical pathways as determined by the Ingenuity curated database. For the depressive phenotype (A), the canonical paths, which were up-regulated, included GPCR signaling, AMP-activated protein kinase, and CREB signaling. For the rescue phenotype (B), the odor altered (up and down) a number of GPCR-related probes, protein kinase A (PKA), GCs, and, in particular, 5-HT receptor signaling (see Tables S3 and S4 for genes associated with these paths). Here we show that the infant-trauma odor controls these behaviors by regulating amygdala activity. First, the odor normalized amygdala paired-pulse inhibition deficits induced by infant trauma (Fig. 3F) . Because paired-pulse inhibition reflects the inhibitory feedback exerted by local gamma-aminobutyric (GABA)ergic interneurons onto glutamatergic projection neurons in the BLA (64) , our data suggest that the odor influences amygdala circuit activity by modulating interneuron activity within the BLA. Moreover, paired odor-shock animals display an odor-specific enhancement of amygdala gamma oscillations, which reflect local circuit activity and are sensitive to GABAergic inhibitory interneuron function, in response to the infant-trauma odor (19) , suggesting that infant trauma induces long-term changes in amygdala GABAergic function. Second, we show that the infant-trauma odor changes amygdala gene expression relating to GC and 5-HT receptor signaling (Fig. 4) compared with those seen in the depressive phenotype (i.e., infant paired odorshock, no odor). Importantly, both GCs and 5-HT are implicated in clinical depression stemming from childhood abuse (3, 4, 8, 41, 59, 60) . Animals with the depressive-like phenotype showed amygdala gene expression changes relating to CREB-an upstream transcriptional activator of brain-derived neurotrophic factor (BDNF). Both CREB and BDNF have also been implicated in depression and antidepressant response (39, 40, 65) . Third, we show that amygdala 5-HT is necessary for the odor-mediated rescue effect because blocking amygdala 5-HT neurotransmission prevented the rescue effect (Fig. 5A ). Fourth, we were able to pharmacologically mimic the odor's rescue effect by simultaneously increasing amygdala 5-HT and suppressing CORT (Fig. 5B) , which was further suggested by the CORT data (Fig. 3D ) and the microarray data implicating GCs and 5-HT (Fig. 4 and Fig. S3 ). These results are compatible with clinical reports indicating that serotonergic compounds alleviate HPA-axis dysfunction associated with stress and affective disorders (40, 66) . Preclinical studies have shown that 5-HT modulates excitatory inputs into the amygdala in a CORT-dependent manner via GABAergic interneurons (67, 68) . Altogether, these findings implicate 5-HT/CORT interactions in amygdala-dependent states, such as the expression of depressive-like behavior in the FST (13).
Infant-Trauma Cues Are Reminiscent of Safety Signals and Antidepressant Actions. The ability to identify events that provide relief from ongoing stress is crucial for the prevention of stressinduced psychopathologies like depression (31, 36) . Our infanttrauma paradigm creates a learned sensory signal that prevents the expression of adverse neurobehavioral outcomes stemming from early life trauma (Fig. 3 A, C, and F) , which overlaps with the effects of safety signals and antidepressant treatment (31) . For example, safety signals exert antidepressant-like effects on the forced swim and sucrose consumption tests comparable with those obtained with SSRI/FLX treatment (36) and infant-trauma odor exposure (Fig. 3C) (12, 19) . The infant-trauma odor also restored normal paired-pulse ratio in the BLA (Fig. 3F) , the subregion in which distinct electrophysiological features of learned safety, including depression of conditioned stimulus-evoked activity, have been described (31, 34, 37, 38) .
A Rodent Model for Socially Derived Safety Signals. Infant rats are predisposed for attachment learning due to a unique neural circuitry that favors preference learning regardless of whether the learning is associated with pain or pleasure (14, 23, 32) . Here, we used a rodent model of infant trauma experienced within attachment, which resulted in adult depressive-like behavior but also the infant acquisition of a safety signal that, although paired with trauma, was retained throughout the life span due to the unique developmental context in which the learning occurred (i.e., sensitive period) (14, 32) . Moreover, our findings parallel the biological sequelae of infant trauma in clinical populations and may provide insight as to why victims of childhood abuse retain an attraction toward trauma-linked cues (i.e., trauma bonding).
Our rodent model safety signal conforms to safety-signal mechanisms involving modulation of BLA activity to reduce behavioral and physiological responses to stressors (30, 31, 34) . Our findings suggest that the mechanism underlying the complex interplay between infant trauma-linked cues and later-life depressive-like behavior involves an amygdala 5-HT/CORT interaction that positively modulates the neurobehavioral dysregulation stemming from early-life trauma (Fig. 5C) . In sum, trauma-linked cues play a critical role in modulating adult neurobehavioral function by controlling amygdala function (12, 18) , thereby providing opportunities for intervention and possibly correction of maladaptive outcomes related to psychopathology resulting from infant trauma experienced within attachment (14) .
Materials and Methods
All procedures were conducted in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committees at the Nathan Kline Institute, New York University Medical Center, University of Oklahoma, University Lyon1, and the Children's Hospital of Philadelphia.
Infant Odor-Shock Conditioning and Verification of Preference Learning. Beginning at PN8, pups received 9-11 pairings (30 s peppermint odor, 0.5 mA shock during the last 1 s) daily for five consecutive days to induce a preferred odor with safety-signal value (12, 19) . The control group did not receive shock. Subsets of pups were either permitted to grow up (males) or tested during infancy in a Y-maze or a nipple attachment test to assess preference learning (both males and females) (12, 25) .
Infant Microdialysis/HPLC. Extracellular amygdala 5-HT levels were measured by in vivo microdialysis during a PN12 odor-shock conditioning session, similar to that in ref. 69 . Adult Behavioral Studies and Intraamygdala Drug Infusions. Adult male rats (>PN75) were tested for social behavior or on the FST with or without the infant-trauma odor (i.e., peppermint), which was delivered using an olfactometer (2 L/min flow rate) at the same concentration used in infancy (12) . For infusion experiments, animals underwent stereotactic surgery and were tested after a 7-d recovery period. All pharmacological compounds were dissolved in saline and administered at 0.1 μL/min for 5 min (0.5 μL per hemisphere) for a total infusion volume of 1 μL 15 min before testing.
RIA. Trunk-blood samples were collected 30-min post FST, and plasma was used to analyze CORT levels (Rat Corticosterone Coat-A-Count Kit; Siemens).
Adult Microarray Analysis. One hour after the FST, animals were decapitated, and the amygdala was dissected on ice. Biological replicates of bilateral amygdalas were assayed with the Affymetrix 230 2.0 chip.
Adult in Vivo Amygdala Electrophysiology. Field potentials recorded in the amygdala in response to electrical stimulation of the olfactory bulb were obtained in adulthood after control or infant paired odor-shock experience, similar to ref. 12. Paired-pulse stimulation protocols were used to evaluate the level of amygdala inhibitory interneuron activity in the presence and absence of the infant odor previously paired with shock.
Statistical Analysis. Statistical analyses included t tests, one-and two-way ANOVA, followed by Post hoc Fisher tests when appropriate. All differences were considered significant when P < 0.05.
